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Polycrystalline powders of KLa(1x)Dyx(PO3)4 (x¼0.5%, 1%, 5% and 10%) with linear chain have been
grown by solid state reaction. The obtained powders are characterized by X-ray powder diffraction, FTIR
and Raman spectroscopies. Emission, excitation spectra and decay curves analysis have been used to
study the spectroscopic properties of Dy3þ in KLa(PO3)4. The photoluminescence spectra show two
characteristic blue and yellow bands of Dy3þ . The yellow-to-blue emission intensity ratios and CIE
chromaticity coordinates have been determined from emission spectra to evaluate the emitted light as
function of Dy3þ concentration. The measured decay rates for 4F9/2-
6H15/2 deviated from exponential to
non-exponential shape with increase of Dy3þ concentration. The observed non-exponential behavior of
the decay curve has been ﬁtted to Inokuti–Hirayama model, which indicates that the energy transfer
between the donor and the acceptor is of dipole–dipole nature. The energy transfer, between the donor
(excited Dy3þ) and the acceptor (unexcited Dy3þ), increases with Dy3þ ions concentration.
& 2015 Elsevier B.V. All rights reserved.1. Introduction
In last decades, several materials are activated by rare earths
ions such as borates [1], phosphates [2–4], aluminates [5,6], sili-
cates [7], vanadates [8], etc. Among them, alkali lanthanide
phosphates crystals are the subject of many studies in the past
years due to their excellent role for the development of optical
devices including optical ﬁbers and ampliﬁers, visible lumino-
phores, laser materials and display devices [3,4,9,10]. Particularly,
rare earth doped condensed polyphosphates with general formula
MILnIII(PO3)4 (where MI are alkali metal ions and LnIII lanthanide
ions) have been assumed mainly due to their relatively easy
synthesis, reasonable stability in lamp application and good che-
mical durability [11–14]. The polyphosphate have relatively low
multiphonon relaxation and high internal quantum efﬁciency
[3,4]. Because of its abundant emission colors according to their
4f–4f transitions, Dy3þ (4f9) is one of the most efﬁcient rare earth
ions for mid-IR lasers and telecommunication for the development
of optical ampliﬁer systems [15,16]. The analysis of luminescence
from 4F9/2 level of dysprosium ion is very appealing as it covers the
visible and near-infrared regions. It is well known from the lit-
erature data that the active Dy3þ ion possesses two strong lumi-
nescence bands in the visible range including blue (B)
(4F9/2-6H15/2, 486 nm) and yellow (Y) (4F9/2-6H13/2, 576 nm)i).which are easily affected by the external crystal ﬁeld. The combi-
nation of these two primary colors provides a mechanism pro-
ducing white light which has been intensively applied in the solid-
state lighting technology in the past few years [17]. The change of
Y/B ratio with increasing Dy3þ concentration can be explained by
structural changes in the environment around Dy3þ ions which is
not observed in NaGd(PO3)4 polyphosphate crystallizing in the
same monoclinic system [13].
In this paper, we present the synthesis and characterization of
Dy3þ doped KLa(PO3)4 powder. The excitation, emission spectra
and decay rates were measured for different concentrations of
Dy3þ ions. The effects of Dy3þ concentration on the ﬂuorescent
intensity, lifetime and chromatic coordinates were also discussed.
The calculated Y/B ratios and chromatic coordinates indicate that
the title compound can be used as a potential two-primary-color
phosphors.2. Experimental techniques
2.1. Synthesis
The polycrystalline powders of Dy3þ-doped KLa(PO3)4
(x¼0.5%, 1%, 5% and 10%) have been prepared by solid state reac-
tion [2]. Stoichiometric ratio of (NH4)2HPO4 (MERK, 99%), K2CO3
and Dy2O3 for 0.4 g of La2O3 (Fluka, 99.98%) were used as starting
reagents according to the following reaction:
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2KLa1xDyx(PO3)4þ16NH3↑þ12H2O↑þCO2↑.
The mixture was ﬁnely ground in an agate mortar to ensure the
best homogeneity and reactivity. Then, it was poured into plati-
num crucible and heated progressively from room temperature to
400 °C (0.5 °C/min) and kept for 2 days at this temperature. In the
last step the obtained product was calcined at 600 °C (10 h) to
eliminate residual water, CO2 and NH3.
2.2. Measurements
The obtained polycrystalline powders are checked by X-ray
diffraction (XRD) at room temperature using an X'PERT Pro
PANAnalytical diffractometer with CuKα radiation of wavelength
1.5418 Å. The crystalline phases have been determined by com-
parison of the registered patterns with the International Center for
Diffraction Data (ICDD)-Powder Diffraction Files (PDF). Infrared
spectra have been recorded by a Perkin-Elmer (FTIR2000) spec-
trometer using KBr pellets in the region of 4000–400 cm1.
Raman scattering spectra have been recorded using HORIBA Sci-
entiﬁc (lab RAM HR) spectrometer equipped with laser source
(632 nm) and CCD detector. The excitation, emission spectra and
luminescence decay time curves have been done by a Perkin-
Elmer spectrophotometer (LS 55) with Xenon lamp (200–700 nm).
All these analysis have been made at room temperature.1400 1200 1000 800 600 400
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Fig. 2. FTIR spectra of KLa1xDyx(PO3)4 powders (x¼0.5%, 1%, 5% and 10%).3. Results and discussion
3.1. Powder characterization
The crystalline phase of each obtained samples was checked by
X-ray powder diffraction (XRD) (Fig. 1). All peaks are related to single
phase of condensed polyphosphate KLa(PO3)4 identiﬁed by (ICDD)
PDF ﬁle no. 75-2478 [18]. These samples crystallized in the mono-
clinic system with space group P21 (no. 4). Only one peak observed0.0
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Fig. 1. XRD patterns of KLa1xDyx(PO3)4for 5% Dy3þ at 2θ¼20.1° was assigned to secondary phase of
polyphosphate K2La(PO3)5 with a triclinic structure and space group
P1 (PDF no. 038-0005) [19]. The smaller ionic radii of Dy3þ (1.027 Å)
compared to that of substituted La3þ (1.16 Å) in the eight-fold
coordination environment facilitates the substitution and the
incorporation of the dopant ions in the KLa(PO3)4 matrix [20].
The infrared and Raman spectra of Dy3þ doped KLa(PO3)4
(x¼0.5%, 1%, 5% and 10%) have been investigated and shown in
Figs. 2 and 3, respectively. Based on data from infrared and Raman
spectroscopy provided for other isotopic condensed polypho-
sphates, the bands positions, shapes and intensities of samples are
characteristic of a monoclinic structure (P21) type formed by
inﬁnite chain of PO4 tetrahedra bound by bridging oxygen [21].
The similarity between all FTIR spectra indicates that IR results are
in good agreement with RXD results. In IR spectra, the character-
istic frequencies of obtained polyphosphate chains such as the
(νas) of OPO are detected between 1200 and 1330 cm1. While,40
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Fig. 3. Raman spectra of KLa1xDyx(PO3)4 powders (x¼0.5%, 1%, 5% and 10%).
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Fig. 4. Excitation spectra of KLa1xDyx(PO3)4 (λem¼573 nm).
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Fig. 5. Emission spectra of KLa1xDyx(PO3)4 (λexc 325 nm). Inset shows variation of
Y(4)/B(3) ratio.
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indicated by (i) strong line at 1176 cm1 which can be attributed
to the symmetric stretching vibrations (νs) OPO species and (ii)
two other strong lines observed at 716 and 669 cm 1 attributed
to νs POP bridges [22,23]. The IR bands due to νs OPO are
observed between 1172 and 980 cm1. Additionally, the anti-
symmetric vibration modes νas P–O–P are located between
975–890 cm1 as strong and broad IR band centered at 912 cm1
and weak Raman lines. The additional bands observed in the range
820–660 cm1 are assigned to νs (POP). Finally, a series of bands
observed below 645 cm1 are attributed to the bending vibration
of OPO and POP adding to external mode [24]. A comparison of
the Raman and infrared bands positions shows that the majority of
them are coincident indicating the non-centrosymmetric structure
of KLa(PO3)4.
3.2. Spectroscopic studies of Dy3þ in KLa(PO3)4
3.2.1. Excitation spectra of Dy3þ ﬂuorescence
The excitation spectra of KLa1xDyx(PO3)4 recorded by mon-
itoring the emission wavelength at 573 nm are shown in Fig. 4. In
the excitation spectra, the shape and peak positions of 4f–4f
transitions of Dy3þ are very similar. Each spectrum consists of
broad band below 225 nm and a peak at 241 nm which may be
ascribed to the charge transfer transition from oxygen to dyspro-
sium (O2-Dy3þ) and the 4f–5d transitions of Dy3þ in the host
lattice, respectively [13,25]. It is occurred after an electron tran-
sition from a ligand (O2) to the insert Dy3þ ion indicating thatthe interactions between Dy3þ ions and host lattice are strong.
The excitation spectra show other intense bands in the longer
wavelength region (290–500 nm), attributed to appropriate elec-
tronic transitions of the Dy3þ ion: 6H15/2-4H11/2þ4G9/2 (297 nm),
6H15/2-4M17/2 (323 nm), 6H15/2-6P7/2 (349 nm), 6H15/2-6P5/2
(364 nm), 6H15/2-4K17/2 (386), 6H15/2-4I15/2 (448 nm) and
6H15/2-4F9/2 (480 nm) [13,25].
3.2.2. Emission spectra of Dy3þ
Fig. 5 shows the normalized emission spectra of KLa(PO3)4
doped with different concentration of Dy3þ ions. They are recor-
ded in the range from 350 to 700 nm under excitation at 325 nm.
All emission spectra show sharp emission lines due to the intra-
conﬁgurational 4f–4f transitions of Dy3þ ions numbered from 1 to
5 and located at (1) 400 nm (4I13/2-6H15/2), (2) 450 nm
(4I15/2-6H15/2), (3) 480 nm (4F9/2-6H15/2), (4) 573 nm
(4F9/2-6H13/2) and (5) 660 nm (4F9/2-6H11/2). The yellow
4F9/2-6H13/2 emission related to the forced electric dipole transi-
tion type is allowed only at low symmetries with no inversion
center and its intensity is strongly inﬂuenced by the crystal-ﬁeld
environment. It shows an immense increase of intensity as func-
tion of Dy3þ concentration. The intensity of the blue band, cor-
responding to the 4F9/2-6H15/2 magnetic dipole transition
(480 nm), is less sensitive to the crystal ﬁelds.
According to Murthy et al., a weak emission observed at
450 nm was attributed to the 4I15/2-6H15/2 transition due to
thermal population of 4I15/2 at the expense of 4F9/2 at thermal
equilibrium [26]. Similar observations have also been reported for
Dy3þ-doped RTFP by Jayasimhadri et al. [27] and for
Dy3þ-doped-in ﬂuorozirconate glasses by Orera et al. [28]. The
nearest 4I13/2 level can also be thermally populated. The thermal
population can be proved by two observations: The relative intensities of the two peaks (1) and (2) indicate
that the low 4I15/2 level is more thermally populated than the
4I13/2 level. The evolution of the relative intensity as a function of Dy3þ
concentration indicates that at high concentration the photonic
population of 4F9/2 was more pronounced than the thermal
population of the 4I15/2 and 4I13/2 levels.
It is consistent with the results obtained by Pisarska et al. which
conﬁrm the thermal effect [29]. According to them, the thermal
effect leads to an enhancement and broadening of blue band without
Fig. 6. The CIE chromatic diagram showing the chromatic coordinates of
KLa1xDyx(PO3)4 as a function of Dy3þ concentrations.
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Fig. 7. Decay proﬁles for 4F9/2 level of Dy3þ doped KLa(PO3)4 (λexc¼325 nm,
λem¼573 nm).
Table 1
The ﬂuorescence lifetimes for 4F9/2-6H13/2 (573 nm) emission of
KLa(1x)Dyx(PO3)4.
x (%) Amplitude Lifetimes τ (ms) Lifetimes τav (ms)
0.5 A¼6.991 τ¼0.87 –
1 A¼6.897 τ¼0.82 –
5 A1¼7.274 A2¼6.644 τ1¼0.37 τ2¼0.70 τav¼0.56
10 A1¼7.200 A2¼6.468 τ1¼ 0.34 τ2¼0.63 τav¼0.52
S. Chemingui et al. / Journal of Luminescence 166 (2015) 82–87 85electronic transition attribution. The positions of the emission bands
coincide with the calculated energy level of the Dy3þ .
Moreover, the emission spectra show that the intensity of the
blue transition 4F9/2-6H15/2 increases with increase of Dy3þ
concentration up to 1%, beyond which a decrease in emission
intensity is observed. While the 4I13/2-6H15/2, 4I15/2-6H15/2 and
4F9/2-6H11/2 transitions intensity decreased rapidly with increase
of Dy3þ concentration. In addition to the effect of thermal popu-
lation of the 4I15/2 and 4I13/2 levels, this evolution can be also due to
the concentration quenching. The main cause for the enhance-
ment of the quenching intensities with increase of Dy3þ ion
concentration is the increase of the resonant energy transfer from
the excited 4F9/2 energy state to the 6H15/2 ground state of the
nearby Dy3þ ion and the cross relaxation between the donor
(excited Dy3þ ion) and acceptor (ground Dy3þ ion) [30]. Similar
effect was observed by Shinde et al. [31]. A literature survey, shows
that when Dy3þ ions are located at low symmetry local site (with
no inversion centers), the yellow band is often prominent than the
blue band in its emission spectrum [32] indicating that Dy3þ will
emit white light. In the present study, for the concentration below
1%, the Y/B values are o1 given that the predominant emission
band is around 480 nm. As can be seen from Fig. 5, the increase of
Y/B ratio from 0.591 to 1.851 with increase of Dy3þ concentration
can be related to the resonant energy transfer from the excited
4F9/2 energy state to the 6H15/2 ground state and the cross
relaxation nearby Dy3þ ion [33,34]. The evolution of Y/B ratios
indicates the ability of generating of a blue or a white light as a
function of Dy3þ concentration in the present material [33,35].
However NaGd(PO3)4:Dy3þ [13] and NaLa(PO3)4:Dy3þ [36]
show a simultaneous evolution of the transition intensity which
may be due to relatively high symmetry of the host lattice com-
pared to KLa(PO3)4. Moreover the optimum doped concentration
of Dy3þ ions is around 5 and 6 mol% for NaGd(PO3)4:Dy3þ [13]
and NaLa(PO3)4:Dy3þ [36], respectively.
3.2.3. Chromaticity coordinates
The Commission International de I'Eclairage (CIE) 1931 [37] has
been used to determine the chromaticity coordinates which areone of the important factors for evaluating performance of the
prepared phosphors. The chromaticity coordinates x and y are
calculated from the below given expressions.
x
X
X Y Z
y
Y
X Y Z 1
=
+ +
=
+ + ( )
Where X, Y and Z are the tristimulus values giving the stimu-
lation for each of the three primary colors, red, green and blue.
The CIE color coordinates (x,y) of all present samples with
different Dy3þ concentration have been calculated using the
emission spectra data and are found to be (0.215; 0.221), (0.235;
0.2297), (0.294; 0.306) and (0.308; 0.326) for 0.5%, 1%, 5% and 10%,
respectively. They are depicted in the CIE 1931 chromaticity dia-
gram as shown in Fig. 6. It is found that, for lower concentration
(r1) of Dy3þ ion, the CIE coordinates are located in the blue
region and close to those for Dy(PO3)3 [38]. At high concentration
of Dy3þ (5% and 10%), our material presents chromatic coordinates
very close to the standard white light illumination (x¼0.3101,
y¼0.3162) and those for other polyphosphates such as
NH4Dy(PO3)4 [38], NaGd(PO3)4:Dy3þ [13] and NaLa(PO3)4:Dy3þ
[36]. These observed x, y coordinate values afﬁrm that under
excitation at 325 nm, this material is more suitable for the fabri-
cation of white light-emitting devices and Flat Panel Displays
(FPDs) at high and low Dy3þ concentration, respectively.3.2.4. Decay rate analysis
The decay curves originating from the 4F9/2 level of Dy3þ in the
present study for different concentrations are investigated for the
intense luminescent transition 4F9/2-6H13/2 (573 nm) under
excitation at 325 nm (Fig. 7). The lifetime values for 4F9/2-6H13/2
transition of Dy3þ ions are given in Table 1.
At low concentration of 0.5% to 1%, the decay rates exhibit single
exponential behavior and are measured by the following function:
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where I(t) is the total intensity at time t, A is intensity at t¼0
and τ is lifetime. The obtained results are better than those
reported for the blue emission of Dy(PO3)3 [38].
As the concentration of Dy3þ increases above 1%, the decay
rates exhibit non-exponential shape as observed for
NaLa(PO3)4:Dy3þ (6 mol%) [36]. The non-exponential decay curves
of Dy3þ have been ﬁtted to the following bi-exponential function:
⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟I t A
t
A
t
exp exp
3
1
1
2
2τ τ
( ) = − + −
( )
where A1 and A2 denote the amplitudes of respective decay
components, τ1 and τ2 are the ﬂuorescence lifetimes components
contributing to the average lifetime.
The average lifetime in case of a non-exponential with two
components can be calculated using the following equation
[25,39]:
A A
A A 4
av
1 1
2
2 2
2
1 1 2 2
τ τ τ
τ τ
= +
+ ( )
The average ﬂuorescence lifetime was determined to be 0.56
and 0.52 ms for 5 and 10 mol% of Dy3þ in KLa(PO3)4 at room
temperature, respectively. These values are close to that registered
previously for NaLa(PO3)4:Dy3þ (6 mol%) [36]. Our results are also
supported by other works such as Suresh et al. [40] and Sreedhar
et al. [41]. The non-exponential behavior in the decay curves of
lanthanide doped materials usually arises from ion–ion interac-
tions. In the present study, this behavior is attributed to a strong
quenching as the distance between the neighboring Dy3þ ions
decreases for higher Dy3þ concentration. So, the interaction
between dysprosium ions becomes important. As a consequence, a
greater probability of the increase of the resonant energy transfer
between the Dy3þ ions leading to faster ﬂuorescence decays. The
non-exponential behavior are well ﬁtted to the Inokuti–Hirayama
(IH) model [42], indicating that the energy transfer between the
Dy3þ ions is due to dipole–dipole interactions. Therefore, the non-
exponential nature in ﬂuorescence decay rates is mainly caused by
the increase of non-radiative energy transfer through cross-
relaxation channels between the donor and acceptor [41]. The
resonant ((4F9/2,6H15/2)-(6H15/2,4F9/2)) and nearly resonant cross-
relaxation channels 4F9/2þ6H15/2-6H5/2þ(6H7/2,6F9/2) and
4F9/2þ6H15/2-(6F3/2,6F1/2)þ(6H9/2,6F11/2) in the KLa(PO3)4:Dy3þ
are shown in Fig. 8.4. Conclusion
Polyphosphate doped with different dysprosium concentra-
tions have been synthesized using the solid state reaction. XRD
pattern, IR and Raman spectroscopies indicated that all samples
crystallized in the monoclinic system with space group P21.
Luminescence spectra measured under excitation at 325 nm con-
sist of two characteristic blue and yellow emissions, which cor-
respond to 4F9/2-6H15/2 and 4F9/2-6H13/2 transitions of Dy3þ ,
respectively. The ratios of yellow-to-blue luminescence from 4F9/2
level increase with the increase of Dy3þ concentration. Chroma-
ticity color coordinates have been evaluated from emission spectra
and show a shift from the blue to the white region with increase of
Dy3þ concentration. They conﬁrm the ability to generate white
light at high concentration and blue light at low concentration.
The decay rates exhibit single exponential behavior and non-
exponential shape for lower and higher Dy3þ ion concentration,
respectively. The non-exponential decay curves are due to the
interaction and energy transfer between Dy3þ ions.References
[1] P. Li, Z. Yang, Z. Wang, Q. Guo, Mater. Lett. 62 (2008) 1455.
[2] M. Ferhi, K.H. Naifer, S. Hnaiech, M. Férid, Y. Guyot, G. Boulon, Opt. Commun.
285 (2012) 2874.
[3] M. Ferhi, C. Bouzidi, K. Horchani-Naifer, H. Elhouichet, M. Ferid, J. Lumin. 157
(2015) 21.
[4] M. Ferhi, C. Bouzidi, K. Horchani-Naifer, H. Elhouichet, M. Ferid, Opt. Mater. 37
(2014) 607.
[5] J. Zhang, M. Ge, J. Lumin. 131 (2011) 1765.
[6] A.J. Silversmith, N.T.T. Nguyen, B.W. Sullivan, D.M. Boye, C. Ortiz, K.R. Hoffman,
J. Lumin. 128 (2008) 931.
[7] J.G. Sen Gupta, Talanta 32 (1985) 1.
[8] H. Zhang, X. Fu, S. Niu, Q. Xin, J. Alloy. Compd. 457 (2008) 61.
[9] J. Amami, M. Férid, M.T. Ayedi, Mater. Res. Bull. 40 (2005) 2144.
[10] K. Horchani, J.C. Gacon, M. Férid, M.T. Ayadi, O. Krachni, G.K. Liu, Opt. Mater. 24
(2003) 169.
[11] I. Parreu, R. Solé, J. Gavaldà, J. Massons, F. Díaz, M. Aguiló, Chem. Mater. 17
(2005) 822.
[12] I. Parreu, J.M.C. Pujol, M. Aguiló, F. Díaz, X. Mateos, V. Petrov, Opt. Express 15
(2007) 2360.
[13] J. Zhong, H. Liang, B. Han, Z. Tian, Q. Su, Y. Tao, Opt. Express 16 (10) (2008)
7508.
[14] I. Parreu, R. Solé, J. Massons, F. Díaz, M. Aguiló, Chem. Mater. 19 (2007) 2868.
[15] T. Schweizer, D.W. Hewak, B.N. Samson, D.N. Payne, Opt. Lett. 21 (1996) 1594.
[16] V.P. Gapontsev, S.M. Mtisin, A.A. Isineev, V.B. Kravchenko, Opt. Laser Technol.
14 (1989) 189.
[17] P. Babu, C.K. Jayasankar, Opt. Mater. 15 (2000) 65.
[18] Y.H. Lin, N.H. Hu, Q. Zhou, S.Z. Liu, Acta. Phys. Sin. – Chin. Ed. 32 (1983) 675.
[19] M. Ferid, N.K. Ariguib, M. Trabelsi, Mater. Chem. Phys. 10 (2) (1984) 175.
[20] R.D. Shannon, Acta. Crystallogr. A 32 (1976) 751.
[21] M. Ferhi, K. Horchani-Naifer, M. Férid, Opt. Mater. 34 (2011) 12.
S. Chemingui et al. / Journal of Luminescence 166 (2015) 82–87 87[22] A. Bertoluzza, in: C. Sandorfy, T. Theophanides (Eds.), Spectroscopy of Biolo-
gical Molecules, D. Reider Pubi, New York, 1984, p. 191.
[23] K. Meyer, H. Hobert, A. Barz, D. Stachel, Vib. Spectrosc. 6 (1994) 323.
[24] M. Ferhi, K. Horchani-Naifer, K. Ben Saad, M. Férid, Physica B 407 (2012) 2593.
[25] N.S. Singh, R.S. Ningthoujam, M.N. Luwang, S.D. Singh, R.K. Vatsa, Chem. Phys.
Lett. 480 (2009) 237.
[26] D.V.R. Murthy, B.C. Jamalaiah, A. Mohan Babu, T. Sasikala, L. Rama Moorthy,
Opt. Mater. 32 (2010) 1112.
[27] M. Jayasimhadri, L.R. Moorthy, K. Kojima, K.Y. Norikowada, J. Phys. D: Appl.
Phys. 39 (2006) 635.
[28] V.M. Orera, P.J. Alonso, R. Cases, R. Alcala, Phys. Chem. Glasses 29 (1988) 59.
[29] J. Pisarska, R. Lisiecki, W. Ryba-Romanowski, T. Goryczka, W.A. Pisarski, Chem.
Phys. Lett. 489 (2010) 198.
[30] G. Li, J. Guoqi, Y. Baozhu, L. Xu, J. Litao, Y. Zhiping, F. Guangsheng, J. Rare Earth
29 (2011) 540.
[31] K.N. Shinde, S.J. Dhoble, A. Kumar, J. Lumin. 131 (2011) 931.
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